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PRnFACE 


This  ronort  was  prepared  by  thc'  Moore  School  of  fUectricu] 
Knuineerinq  and  Science,  University  of  Pennsylvania,  Philadelf>hi  .1 , 
Pennsylvania  19104,  under  USAF  Contract  F 3 36  1 0-7 3 1 . The 
contract  was  initiated  under  Project  No.  ILIR,  "I.aboratory 
bi  rector's  Funds".  The  work  was  adniinistered  under  the  direction 
of  the  Ait  Force  Materials  Laboratory,  Air  Force  Systems  Comma  n ri , 

Wr iqht -Pat t erson  Air  Force  Base,  Ohio,  with  Mr.  Paul  W.  Dimiduk, 

( AFM1,/[.P.I ) as  Technical  Monitor  . Funds  for  this  project  were 
suppln'd  to  the  AF  Materials  I.aboratory  by  the  Office  of  Aerosp.icc 
Rosea  rch . 

Work  covered  by  this  rr'port  was  carried  out  from  30  June  loys 
I hrouqh  U July  1976.  The  report  was  submitted  by  the  University 
of  Pennsylvania  in  Auqust  1976  for  publication  as  an  AFML  Technical 
Report  . 

The  Principal  Invest iqators  for  this  project  were  Dr.  J.E. 
i’ischer  and  Dr.  F.  Lincoln  Vocjel  . Early  work  on  HNO^  compounds 
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v.irious  1 nt  f'rca  l.iL  ion  compounds,  and  Dr.  Thomas  F.  Thompson  for 
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be  incluued  here  for  c'ompleteness.  lie  would  also  like  to  thank 
Ri('h  C.rer'nbi' rij  for  the  x-ray  analyses,  Linda  Taliaferro  for 
typinci  I h('  manuscript,  and  Renate  Schulz  for  t h*’  drawings. 

Thi.s  technical  refiort  has  been  reviewed  and  is  approved 
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SKCTION  I 


INTRODUCTION 


Tho  Air  Force  has  expressed  a need  for  graphite-based 
materials  which  exhibit  higher  electrical  conductivity  and  infrared 
reflectance  than  pure  graphite.  Such  materials  would  be  most 
useful  in  the  form  of  fibers  because  of  potential  applications  in 
(,:omposite  construction  materials.  In  order  to  be  practical,  these 
new  materials  must  of  course  be  stable  in  a normal  atmosphere  of 
nitrogen,  oxygen,  and  water  vapor. 

Graphite  intercalation  compounds  are  created  when  foreign 
molecules  or  atoms  are  inserted  between  the  planes  of  carbon 
atoms  in  the  graphite  structure.  The  number  of  contiguous  carbon 
layers  between  two  successive  intercalant  layers  is  termed  the 
"stage"  of  the  compound.  Many  of  these  compounds  are  synthetic 
metals  with  a-axis  or  basal-plane  (i.e.  parallel  to  the  carbon 
layers)  dc  conductivities  of  1/6  to  1/2  that  of  copper.^ 

The  largest  conductivity  increase  yet  observed  occurred 

during  some  preliminary  worli  using  the  strong  acid  SbF  as  an 
2 b 

intercalant.  The  choice  of  SbF^  resulted  from  the  assumption 

that  as  the  acid  strength  increases,  so  also  does  the  charge 

transfer  from  the  graphite  lattice  to  the  acid.  If  the  attendant 

band  structure  changes  are  not  insurmountably  counterproductive, 

then  t h(?  highest  conductivity  increases  should  be  obtained. 

In  normal  metals  high  infrared  reflectivity  accompanies 

high  dc  conductivity;  so  the  highest  conductivity  graphite 

interi-alation  compounds  are  expected  to  exhibit  the  largest  increase 

in  infrared  reflectivity.  Therefore,  in  order  to  maximize  the 

infrare<i  reflectivity  in  a graphitic  material,  we  proposed  a 

study  of  graphite  compounds  prepared  in  strong  Lewis  acid  fluorides, 

such  <is  SbFr  . 

') 

Graphite  1 i tiers  are  the  material  of  primary  interest  because 
of  their  usefulness  as  a construction  material.  However,  fibers 
are  replete  with  voids  in  tne  crystal  structure;  for  example 
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'typical  fiber  densities  range  from  1.6- 1.9  gm/<-m^  while  si  rial" 
crystal  graphite  has  a density  of  2.27  gm/cm  ^ . Thus  .in  <ina  lysis 
of  intercalation  compounds  would  be  greatly  coinpl i".i*  f'd  if  filx'rs 
were  to  be  used  at  the  outset  in  this  investigation.  It  is  better, 
indeed  necessary,  to  first  characterize  the  bulk  properties  of  .m 
intercalation  compound  so  that  the  effects  of  intercalat i no  fibers 
can  be  more  readily  analyzed.  Therefore  crystals  of  hirjhJy  oriented, 
pyrolytic  graphite  (HOPG)  have  been  used  for  most  ot  the  experiments. 

In  the  initial  phases  of  this  invest i.gation , HNO^  was  olten 
substituted  for  .SbF^  while  the  sample  preparation  techniques  were 
being  proven.  This  was  done  because  of  the  extreme  leaetivity  of 
SbF^  --  upon  exposure  to  moist  air  it  reacts  vigorou.sly  to  nroduee 
copious  quantities  of  toxic  HF  vapor.  Therefore  this  repcirt  con- 
tains information  on  compounds  prepared  from  l)Oth  HNO^  and  Sb'^^. 

In  this  report  we  will  discuss  the  graphitic  materials 
which  have  been  investigated,  the  experimental  apparatus  .ind 
procedures  that  have  been  used,  and  the  results  which  have  been 
obtained  in  the  first  year. 


SIX”!'] ON  I I 


mati:kiai,s 


A.  Graphite 

The  qr.iphite  materials  of  interest  in  this  investigation 
liicluue  cloths,  foils,  platelets,  and  fibers.  Of  these,  only 
the  platelets  of  hot-pressed  highly-oriented  pyrolytic  graphit*^ 
(HOPG)  lend  themselves  readily  to  straightforward  measurements 
of  optical  reflectance,  because  only  with  this  material  can  large, 
smooth,  freshly-cleaved  surfaces  be  obtained.  Therefore  the 
strateijy  employed  is  to  first  study  the  relationship  between 
intercalation  and  reflectance  using  graphite  crystals  in  order 
to  characterize  the  bulk  material.  With  the  information  so  gained, 
construction  materials  such  as  graphite  fibers  can  be  intercalated 
in  a more  predictable  manner.  A review  of  the  work  v'ith  each  of 
tile  materials  follows. 


1.  Cloth 

A sample  of  type  WCA  poly-acrylonitrile  based  graphite 
cloth  was  obtained  from  Union  Carbide.^  This  material  is  made 
by  pyrolytic  decomposition  of  a woven  acrylonitrile  cloth. 

The  cloth  is  placed  in  tension  to  align  the  graphite  crystallites, 
but  because  of  the  problems  involved  in  tensioning  both  directions 
simultaneously  the  alignment  of  the  crystal  axes  is  not  very  good. 

Reflectance  measurements  on  graphite  cloth  are  very 
difficult  because  the  cloth  is  loosely  woven  and  therefore 
h.is  a very  rough  surface;  furthermore  the  fibers  themselves 
h.tve  a very  low  reflectivity.  Nevertheless,  a reflectance 
measurement  was  attempted.  First  a double  layer  of  cloth  was 
epoxied  to  a glass  substrate,  then  aluminum  was  deposited  over 
half  of  the  area  to  provide  a reference.  Despite  the  aluminum 
reft^rence,  the  scattering  was  so  large  that  meaningful  reflec- 
tance measurements  were  not  possible.  Therefore  work  on  the 
graphite  cloth  was  halted. 
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2. 


Foil 


Samples  graphite  foil  were  obtained  from  William  Nystrom 
of  Stackpole  Carbon  Co.^  These  pre-production  samples  wer'>  m,jd(' 
by  rolling  vermiculated  graphite  into  a foil.  Vermiculated 
graphite  is  a low-density  material  obtained  by  rapidly  heating 
H2SO4  and  HNO^  - saturated  graphite  powder  above  the  boilinu 
point  of  the  acids.  The  rapid  conversion  of  the  liquid  to 
vapor  causes  t.he  graphite  particles  to  expand  tremendously  and 
vermiculated  graphite  results.  When  it  is  rolled  into  a foil, 
the  c axes  of  the  graphite  crystallites  are  aligned  perpen- 
dicular to  the  plane  of  the  foil. 

The  reflectance  of  the  pristine  foil  was  found  to  be 
approximately  15-20?i  in  the  visible  and  near-IR.  When  the  foil 
was  subjected  to  HNO^  vapor  at  25°C  the  individual  graphite 
particles  intercalated  in  differing  amounts,  and  the  resulting 
rough  surface  exhibited  a lower  reflectance  than  the  pristine 
material.  This  is  shown  in  Fig.  13.  Because  of  the  surface 
problem  and  rhe  uncertain  effect  of  the  numerous  graphite  par- 
ticles on  the  transport  measurements,  invest iaation  of  the 
graphite  foil  was  suspended. 

3.  Highly-Oriented  Pyrolytic  Graphite  (HOPG) 

Highly  oriented  pyrolytic  graphite,  or  alitjned  graphite,  is 
created  when  carbon,  obtained  by  pyrolytic  decomposition  of 
hydrocarbon  gases,  is  simultaneously  subjected  to  hiqfi  temperature 
and  uniaxial  pressure.  The  resultant  plates  of  graphite  exhibit 
excellent  alignment  of  the  crystallographic  c-axis.  It  has  been 
established  that  with  proper  annealing  the  electrical  and  mechanica 
properties  of  HOPG  approach  those  of  natural  single  crystals.  ’ 

Single  crystal  graphite  is  rare,  nevertheless  it  has  been 
extensively  studied  and  the  band  structure  is  well  known.  Since 
the  properties  of  HOPG  are  so  close  to  those  of  sinqle  crystal 
graphite,  the  effects  of  intercalation  in  compounds  madi-  from 
HOPG  can  be  analyzed  much  more  readily  than  in  compounds  m.uie 
from  other  graphitic  materials. 
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Bocauso  it  is  readily  available  and  because  it  can  be 
cleaved  with  razor  blades,  tweezers,  or  scotch  tape  to  obtain 
smooth  surfaces  for  reflectance  measurements,  aligned  graphite 
IS  an  i'xc('l  lent  medium  for  determining  the  character ist ic  results 
ot  j nt  eri'alation  with  a given  substance,  e.g.  screening  the 
effectiveness  of  the  heavy  metal  pentaf luorides.  Most  of  our 
experiments  have  been  performed  with  samples  made  from  HOPG. 

Pieces  of  aligned  graphite  were  obtained  from  Dr.  Arthur 
Moore  of  Union  Carbide.^  These  are  from  Union  Carbide's  regular 
production  of  aligned  graphite  for  x-ray  monochromators,  in  which 
temperatures  of  3000°C  and  pressures  of  500  kg/cm^  are  used. 

The  spread  in  c-axis  orientation  is  typically  4°.^ 


4 • Fibers 

Graphite  fibers  can  be  produced  in  several  ways.  "Thornel" 
type  fibers  are  derived  from  polyacrilonitrile  fibers  by  pyrolytic 
decomposition.  Pitch-and  coal-based  fibers  are  spun  from  a carbon- 
rich  liquid  derived  from  pitch  or  coal.  In  all  cases,  the  raw 
fiber  is  heated  and  placed  in  tension,  causing  graphitization 
to  occur.  Simultaneously,  the  graphite  crystallites  align  them- 
selves with  their  a axes  along  the  longitudinal  axis  of  the  fiber. 

Q 

Pitch  and  coal  derived  fibers  yield  the  best  alignment. 

Samples  of  UC-307  graphite  yarn  were  obtained  from  Union 
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Carbide.  This  yarn  is  composed  of  1000  pitch-based  fibers, 
each  10,1  in  diameter,  and  it  exhibits  a slight  sheen.  In  a 
[iromising  preliminary  experiment,  several  strands  of  this  yarn 
were  affixed  adjacent  to  each  other  on  a flat  substrate  with  small 
dabs  ot  silicone  grease.  This  mat  of  fibers  exhibited  a sub- 
at.mtial  reliectance  when  illuminated  with  a Ue-Ne  laser.  Al- 
t tiou<ih  the  reflected  photons  are  scattered  over  a wide  angle, 
with  suitable-  optics  they  can  be  collected  and  measured.  Because 
the  ri- f lectaru*o  mo.isuromen ts  are  promising  and  because  of  the 
preterence  for  fibers  as  a construction  material,  work  involving 
mats  of  intercalated  fibers  will  be  emphasized  in  the  months 
ahead . 
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B.  SbF^ 

D 

Antimony  pentaf luoride  is  a liquid  at  room  temfK’ra t uro . 

't  ♦"rec7.cs  at  7^C  and  boils  at  150°C.  In  the  initial  phasc>  of 
■!is  work  "the  SbF^  was  used  as  received  from  thf*  manufact  urcr , 

07a rk-Mahoning , " by  simply  pour i no  some  from  the  stoci  storage 
cylinder  into  a teflon  contai ner ^ Subsequent  discussions  wiUi 
the  manfacturer  uncovered  the  fact  that  small  (1-2V. ) bu* 
uncontrolled  amounts  of  HF  were  present  in  their  product.  !t 
was  also  discovered  that  the  SbF^  leaches  iron  from  the  walls  ot 
the  steel  cylinder,  and  that  it  should  properly  be  stored  in 
teflon  containers.  This  information  made  it  evident  'hat  all  of 
our  SbF,.  would  have  to  be  purified  before  use. 

The  decision  to  purify  the  SbF^  triggered  a literature 
search  on  the  physical  and  chemical  properties  of  this  material. 
Perhaps  the  most  significant  is  the  fact  that  pure  SbF^  is  an 
extremely  viscous  liquid.  It  will  not  pour;  if  inverted  it 
slowly  creeps  down  the  walls  of  the  container.  This  iiiqh 
viscosity  results  from  polymerization  of  the  SbF^.  molecules 
into  extremely  long  chains.  The  polymerization  in  turn  ti rises 
from  an  extremely  strong  tendency  to  form  fluorine  bridge  bonds 
between  adjacent  SbF^  molecules  (Fiaure  1).  This  briduinu  tendenc'. 
is  so  strong  that  SbF^  vapor  is  dimeric  at  tempt'ratures  below 
350°C. 

By  forming  the  fluorine  bridge,  each  molecule  can  achieve 

its  favored  octahedral  structure.  The  fluorine  bridues  are 

resonant,  so  the  chain  of  molecules  is  continually  changimi  its 

members.  This  behavior  provides  an  additional  contribution  to 

the  high  viscosity  of  the  liquid.  However,  the  addition  of  small 

amounts  of  impurities  breaks  down  a sufficient  numbt^r  of  the 

fluorine  bridges  to  markedly  reduce  the  viscosity.  Therefore, 

simply  observing  the  viscosity  is  a sufficient  operational 

32-  34 

test  for  determining  the  purity  of  the  SbF^. 
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SECTION  JII 


EXPERT MKNTAI.  PROCllDURES 


A.  Sample  Preparation 

A wire  saw  equipped  with  a .010"  diamond  blade  is  used  to 
out  samples  of  the  desired  size  from  the  4 mm  thick  aligned 
graphite  plates.  Typical  sizes  arc  5x8  mm  for  samples  used  for 
opt  ic.il  reflectance  ,:ind  5x15  mm  for  samples  destined  to  be  Hall 
bridijes.  These  rough  blanks  are  then  razor  cleaved  into  piece.s 
.ipprox imat e 1 y .35  mm  thick.  Optical  samples  are  carefully  cleaved 
with  scotch  tape  until  a surface  smooth  enough  for  reflectance 
measurements  is  obtained.  The  others  are  clamped  between  halves 
of  a stainless  steel  pattern  block  for  a 5-arm  Hall  bridge.  The 
(jraphite  is  air  abraded  with  lii  alumina  until  the  bridge  shape 
is  obtained.  Then  3 mil  diameter  gold  wires  are  wrapped  around 
the  arms  and  covered  with  Cermalloy  #4  350L  gold  paste^*^  as  shown 

in  Eiiiute  2.  The  sample  is  baked  at  500°C  for  15  min.  to  sinter 
the  gold  paste,  then  the  conductivity  of  the  sample  is  checked. 
Only  those  that  show  a value  of  25,000  (r-cm)  ^ are  used  for 
intercalation. 

B.  Liquid  Intercalation 

Liquid  intercalation  of  graphite  has  been  carried  out  with 
pure  HNO.J,  SbF^  and  a 2:1  HF-SbF^  superaerd.  The  procedure  for 
each  of  these  acids  will  be  described  individually. 

1)  HNO^ 

Liquid  intercalation  with  pure  hNO^  is  straightforward. 
The  weighed  sample  is  placed  in  a small  beaker  of  the  acid  at 
room  temperature,  and  a second  stage  compound  is  obtained  in 
about  3 minutes.  Because  the  reaction  is  so  rapid  the  sample 
generally  self-cleaves.  This  is  helpful  for  optical  measurements 
because  a smoothly  cleaved  surface  is  obtained,  however  it  is 
obviously  unsuitable  for  conductivity  measurements. 
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2)  SbF.. 

Liquid  intercalat.  ion  with  SbFV^  has  been  dom-  by  two 

different  techniques.  Initially,  * he  W('i(ihe>l  sampU'  ot  (iraiihite 

was  loosely  wrapped  with  qold  foil  and  placed  in  a teflon  cont.iiner. 

In  a N2~flushed  qlovebox,  SbF^  was  poured  into  the  cont.iinrT, 

which  was  then  capoed.  The  SbF,  was  used  as  received  froF.  • lie 
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manufacturer , Ozark-Mahoning . ' The  teflon  container  was  then 

placed  in  an  oven  at  the  desired  temperature.  The  sample  w.is 

periodically  weighed  in  air  until  the  weig.ht  uptake  rem.iiru'd 
constant.  It  was  then  removed  from  the  SbF^  and  the  quid  foi! 
and  used  in  reflectance  or  conductivity  measurements. 

Although  the  open  containers  of  SbF,.  were  handled  in  tht; 
cflovebox  it  rapidly  became  apparent  that  the  atmosphere  was  not 
sufficiently  free  of  oxygen  and  water  vapor.  Therelorc  the 
synthesis  of  these  SbF,.  compounds  was  lacking  in  repeatabi  1 i t y . 
Because  of  this  and  additional  problems  with  sel  f-c  le<ivin<!  at 
elevated  temperatures  this  procedure  was  abandoned  for  vapor 
phase  intercalation. 

Recently  we  have  returned  to  liquid  interca lat ion  in  order 
to  reduce  the  time  necessary  for  reaching  first  stage.  In  the 
present  technique,  the  sample  is  suspended  by  platinum  wir  • a 
few  millimeters  from  the  bottom  of  a pyrex  ampcjuU',  tis  showti  in 
Figure  3.  The  whole  assembly  is  heated  to  'iOO^C  wtiiJe  be  i nu 
pumped  in  order  to  remove  water  from  the  inner  surfaces  of  tht> 
pyrex.  Then  pure  SbF^  is  distilled  from  a Kel-F  storaeje  tube 
through  a glass  vacuum  line  to  the  pyrex  ampoule.  The  distilla- 
tion is  done  at  room  temperature;  the  pyrex  ampoule  is  immersed 
in  liquid  nitrogen.  When  the  proper  amount  of  SbF^  has  f ransferrc'd 
(enough  to  cover  the  sample) , the  nitrogen  dewar  is  replaced  by  a 
0°C  ice  bath.  After  about  10  minutes,  the  teflon  valve'^  n 

is  closed  and  the  ice  bath  is  removed.  As  t (le  ampoule  warms 
slowly  to  room  temperature  the  SbF^  melts  and  the  reaction  benin;;. 
After  room  temperature  is  reached,  the  whole  f>ytex  apparatus 
is  placed  in  a uniform-temperature  oven  at  the  des  i i ed  inteical.i- 
tion  temperature.  Starting  the  intercalation  slowly  like  this 
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lias  qroatly  reduced  problems  with  self-cleaving  and  contact 
failure,  however,  if  the  reaction  is  not  terminated  after  the 
sample  reaches  first  stage  self-cleaving  will  still  occur. 

3)  MF  + SbF, 

Liquid  intercalation  at  room  temperature  has  been  carried 
out  with  a 1:1  HF  + SbF^  superacid.  This  experiment  was  done  undf>r 

conditions  similar  to  the  early  SbF^  liquid  intercalations  -- 
i.e.  with  small  but  uncontrolled  amounts  of  and  water  vapor 
present . 

Recently  we  have  done  several  room  temperature  intercalations 
with  a 2:1  HF  + SbF^  mixture.  The  procedure  is  similar  to  that 
just  described  for  SbF^ . The  sample  ampoule  is  made  from  Kel-F 
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tubin<i  .jnd  employs  a stainless  stc-i'l  Swaqelok  valve.  Using  i 
st.iinl*'ss  steel  vacuum  line,  HF  (obtained  from  Matheson)^^  is  first 
condensed  into  the  tube  at  -196°C,  then  the  SbF^  is  transferred 
in.  The  HF  is  done  first  so  that  the  two  acids  will  mix  when 
they  melt.  Otherwise,  the  less  dense  HF  simply  floats  on  top 
of  the  SbF^.  The  rest  of  the  procedure  is  identical  to  that 
employed  for  SbF^. 

C.  Vapor  Intercalation 

Vapor  phase  intercalation  was  adopted  early  as  the  preferred 
technique  because  it  produced  less  self-cleaving,  cleaner  sample 
surf<ices,  and  more  controllable  results.  Vapor  intercalation 
h.is  been  attempted  with  HNO^,  SbF^  and  HF  + SbF^. 

1)  HNO^ 

Three  different  systems  have  been  used  for  vapor  inter- 
calation with  HNO^.  Each  new  system  was  adopted  because  it 
offered  the  possibility  of  creating  lower  stage  intercalates 
under  more  precisely  controlled  conditions.  The  throe  systems 
can  bt'  classified  as  a)  room  temperature  red  fuming  nitric  acid 
(RFNA);  b)  low  temperature  (RFN'A);  and  c)  ^ situ  pure  HNO^. 

Each  will  be  described  in  turn. 


a)  Room  Temperature'  RFNA 

1 

Room  temperature  vapor  inter<.:alation  with  Ri".A‘ 

' s accomplished  usimj  the  appariitus  depicted  in  ' riro  4.  Ai''-r 
(.'iohing,  the  graphite  samples  are  placed  in  t h--  hor  i ,i  l sii!«' 

\rm  of  the  apparatus.  A small  amount  of  heat  .applied  in  'h<' 

immediate  vicinity  of  the  sample  keeps  this  region  ‘ re  ' o; 
condensed  HN'O^  and  assures  that  the  sample  is  subjected  only 
t.o  vapor.  The  samples  are  weighed  periodically;  when  the 
weight  increase  stabilizes  they  are  removed  from  the  app.ira'us. 

This  system  produces  third  stage  graphite  ni  r.i*e  in  .^4  hours. 

b)  Low  Temperature  RFMA 

In  an  attempt  to  create  first  stage  nitrate 
compounds,  the  method  developed  by  Fuzellier^^’  was  adopted. 
Essentially,  this  technique  consists  of  maintaininq  the  sample 
and  the  nitric  acid  at  different  low  temperatures;  the  tempera- 
ture difference  between  the  two  drives  the  intercalation  process. 
The  apparatus  is  shown  in  Fig.  5.  Intercalation  was  attempteii 
with  sample  temperatures  ranging  from  -25°C  to  0°C  .and  RFNA 
temperatures  as  much  as  20°C  higher.  We  were  unable  to  obtain 
first  stage  graphite  nitrate;  additional  information  from  France 
confirmed  the  necessity  of  using  pure  Our  efforts  were 

then  directed  toward  constructing  a still  for  pure  HNO.^  and 
finishing  the  ^ situ  apparatus. 

In  situ  Pure  HNO^ 
i)  System  Description 
In  order  to  obtain  the  most  accurate 
characterization  of  an  intercalated  sample,  all  of  the  various 
measurements  should  be  done  with  the  sample  still  in  the  intei- 
calating  environment.  This  avoids  unnecessary  contact  with  the 
atmosphere  and  eliminates  the  possibility  of  decomposition  occur inq 
before  the  measurements  are  started.  We  have  designed  and  built 
a system  which  allows  the  measurement  of  conductivity,  thickness, 
and  weight  gain  during  a vapor  intercalation.  Once  a desin'd 
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stage  has  been  achieved  the  sample  may  be  subjected  to  any  desired 
atmosphere  to  test  its  environmental  stability.  The  conductivity 
and  thickness  can  also  be  monitored  while  the  sample  is  de-inter- 
cal.it  in<),  thus  yielding  additional  information  about  the  nature  of 
i ntercalat  ion  compounds. 

The  apparatus  is  shown  in  Figure  6.  In  operation,  the 
s.imple's  loads  are  first  connected  to  the  proper  platinum 
feed-1  ii rough,  then  the  sample  is  carefully  positioned  on  a thin 
teflon  disc  on  the  fritted  glass  seal.  Another  teflon  disc, 
also  with  cutouts  to  clear  the  loads,  is  placed  on  top  of  the 
sample.  Next  is  a glass  disc,  then  a glass-encased  lead  weight. 
The  weight,  usually  between  4-8  oz.,  prevents  self-cleaving  or 
exfoliation  of  the  sample.  A vacuum  system  is  connected  at  the 
top  and  a capillary  tube  of  pure  HNO^  frozen  in  liquid  nitrogen 
is  attached  to  the  bottom.  After  evacuation  the  system  is  sealed, 
the  liquid  nitrogen  is  removed,  and  the  apparatus  is  mounted  such 
that  the  c.ipillary  tube  of  HNO^  is  immersed  in  a constant  tempera- 
ture bath,  usually  -30  C.  As  the  intercalation  proceeds  the 
temperature  of  the  bath  is  increased  until  the  desired  stage  is 
achieved.  Information  about  the  stage  of  the  sample  is  obtained 
by  morutorimj  the  decrease  in  acid  level  in  the  capillary  tube. 

In  preliminary  trials  with  pure  HNO^,  first  stage  was  achieved 
with  the  temperature  b.ith  at  -20°C. 

Th('  use  of  IhNO^  is  .i  result  of  its  docile  behavior  compared 
to  SbF,  . Sbl’r^  IS  highly  reactive;  if  it  is  exposed  to  water 
vapor  it  produces  HF.  IIF  etches  glass  and  in  so  doing  produces 
more  H^O,  as  shown, 

1 2H-0  • 2SbOF,  ( 4 HF 

> 2 1 

4HF  t .SiO.  . .SiF^  + 2H_0, 

2 4 2 

therefore  traces  of  H^O  in  the  i^  MdJdi  "Apparatus  would  result 
in  its  destruction.  Thus  HNO^  was  substituted  during  the  initial 
runs  while  buejs  in  the  ^ v.ipor  intercalation  procedure 

were  uncovered  and  eliminated.  Concurrent  with  the  completion 
of  this  apt>.iratus  was  the  finding  that  self-cleaving  is  not  a 


problem  for  vapor-phase  SbF^  samples.  Therefore  less  eomplex 
mounting  techniques  have  been  used  for  ^ tu  conductivity 
measurements  on  SbF^-graphite  compounds. 

ii)  Preparation  of  Pure 

Pure  nitric  acid  is  distilled  from  RFNA  usina 
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the  techn'que  developed  by  Potier.  The  special  distillation 
apparatus  for  this  procedure  is  shown  in  Figure  7.  In  ofioration, 
the  itFNA  is  boiled  so  that  a vapor  temperature  of  is 

achieved.  Ury  nitrogen  flowing  slowly  into  i h('  other  arm  ni 
the  apparatus  carries  the  vaoor  up  to  the  condenser  at  the 
top  of  the  centra!  column.  Condensed  flows  down  into 

the  collection  flask  while  residual  NO  vapors  are  carried  off 
with  the  N2  stream.  Typically,  hOO  ml  of  RFNA  are  needed  to 
produce  100  ml  of  pure  HNO^.  Once  obtiiined,  the  pure  HNO^ 
must  be  stored  in  darkness  at  -20*^0  to  prevent  it  frorr  rle- 
composing . 

2)  SbF. 

D 

Two  different  methods  of  producing  vapor  intercalated 
SbF,--graphite  have  been  used.  In  both  techniques  the  commerical 
SbF^  is  first  purified  by  trap-to-trap  distillation,  followed 
by  transfer  to  a working  container.  Initially  the  container 
was  a special  pyrex  ampoule  containing  a fragile  joint;  at 
present  it  is  the  sample  ampoule  itself.  The  present  technique 
is  more  streamlined  and  thus  far  less  time-consuming.  The 
purification  and  intercalation  procedures  will  be  discussed 
separately . 


a)  Purification 

A schematic  diagram  of  our  original  distillation 
apparatus  for  purifying  commerical  SbF^  is  shown  in  Figur«'  8.  The 
apparatus  was  constructed  of  pyrex,  with  Halocarbon  Corp.  #25-20M 
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ni'’‘'So  vised  on  .ill  qround  joints.  We  experienced  no  problems 
ftiim  .8bK^  att.irkinq  the  ijlass  or  the  grease. 

In  oper.it  ion,  tlu'  system  was  evacuated  and  the  manifold 
hv'.iter  em'rqizi'd.  The  m, mi  fold  was  maintained  at  100°C.  The 
lemper.iture  of  the  cold  trap  at  D was  obtained  from  a mixture 
of  acetone  and  solid  C02*  It  was  chosen  to  be  well  below  the 
7^r  freezinq  point  of  SbF^  but  above  the  -90°C  freezing  point 
ot  HF.  Thus  solid  SbF^  was  obtained  at  D and  solid  HF  at  E. 

When  the  stopcock  on  the  initial  volume  of  SbF^  was  slowly 
opened,  dissolved  HF  came  out  of  solution.  After  the  bubbling 
stoppv^vl,  the  SbF^  was  heated  to  80°C.  Solid  SbF^  condensed  at 
D w.hile  any  remaining  HF  was  trapped  at  E.  When  the  initial 
container  had  boiled  dry,  it  was  replaced  by  a special  ampoule 
containing  a fragile  joint  (see  inset,  Fiqure  8).  Other  such 
joints  had  previously  been  placed  at  B & C.  The  stopcock  F 
was  then  closed  off,  the  vacuum  pump  disconnected,  and  the  cold 
t r.ip  n heated  to  80^C.  The  SbF^  was  then  distilled  into  the 
.impoules  at  A,  B,  and  C.  When  the  desired  amount  had  collected, 
the  stopcocks  were  closed  and  the  necks  on  the  ampoules  carefully 
sealed.  The  result  was  .i  small  quantity  (typically  .3  ml)  of 
pure  SbF^  sealed  under  vacuum  in  a glass  container. 

An  important  precaution  should  be  noted  here.  All  SbF^ 
ampoules  were  baked  at  500^C  under  vacuum  before  they  were  allowed 
to  come  into  contact  with  SbF^.  The  baking  drove  absorbed  H^O 
off  from  the  glass  and  eliminated  the  etching  of  the  glass  tube 
and  the  buildup  of  dangerous  pressures  of  SiF_^  which  would  other- 
wise have  occurred  as  the  ampoule  was  heated  during  intercalation. 
The  fact  th.it  we  have  stored  such  ampoules  for  several  months 
with  no  degradation  of  the  SbF^  testifies  to  the  success  of  this 
t.t'chn  ique . 

In  our  present  procedure  the  distillation  is  done  at  room 
tomperaturc.  This  became  possible  as  a result  of  the  installation 
of  better  vacuum  equipment.  The  improved  vacuum  in  the  line  allows 
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the  distillation  to  proceed  at  a reasonable  rate  without  usinq 
elevated  temperatures.  In  addition,  the  anticipated  use-  of  !'!•' 
to  make  superacid  solutions  required  the  elimination  of  all  qlass 
from  the  system,  so  we  replaced  the  pyrex  line  with  stainless  steel 
and  Kel-F  components. 

Working  in  the  dry  atmosphere  of  a glovebag  or  qlovebox, 
about  20-25  ml  of  commerical  SbF^  are  put  into  a Kel-F  *ube. 

The  tube  is  capped  with  a Swagelok  valve,  then  connected  to  the* 
vacuum  line.  As  before,  dissolved  HF  is  first  slowly  pumped 
out;  then  the  SbF^  is  distilled  into  a second  Kel-F  tube  suspended 
in  a dewar  of  liquid  nitrogen.  (See  piqure  ') ) . Tlie  pun-  :’.bF 
is  stored  in  the  Kel-F  tube  and  used  as  needed  for  i ntere.t  lat  ion . 

b)  Intercalation 

Experience  with  the  first  distillation  apparatus  establ i shia! 
that  pyrex  is  a suitable  material  for  a sample  cell  as  Iona  as  it 
is  properly  dried.  Since  i.t  is  highly  desirable  to  be  able  to 
observe  the  samples  during  intercalation,  pyrex  has  been  adopted 
as  the  sample  cell  material.  As  in  the  last  section,  we  will 
first  describe  the  initial  procedures,  then  the  present  techniques. 

Initially,  3x9  mm  (inside)  rectangular  pyrex  tube  was  adopted 
as  a standard  sample  cell  for  both  reflectance  and  conductivity 

measurements.  As  shown  in  Figure  10  one  end  of  the  n’ctamiular 
tube  was  joined  to  a 7 mm  ID  pyrex  tube.  If  only  a reflectivity 
measurement  was  desired,  an  8x9x.5  mm  (typical)  sample  of  cleaved 
pyrolitic  graphite  was  inserted  diagonally  into  the  rectangular 
end  (see  cross-section  in  Figure  10)  and  Die  tube  was  sealed.  It 
both  reflectivity  and  conductivity  were  desired,  a Hall  bridge 
mounted  on  a special  lead  frame  of  pyrex  capillaries  (Figure  II). 
was  inserted  into  the  rectangular  end.  The  rectangular  tube  was 
then  sealed  around  the  capillaries  and  the  platinum  wires. 

The  sample  and  SbF^  iimpoules  were  joined,  then  a Diird  piei’e 
of  7 mm  pyrex  tubing  was  added  to  make  a tee.  The  tjlassware  was 
baked  at  500^C  under  vacuum  (except  the  sealed  SbF^  end)  to  drive 
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oft  waLoi'.  Tlie  Loo  way  then  sealed  off,  the  fraqile  joint  w.is 
broken,  and  the  intercalation  started.  See  r-'iqure  12.  The 
ultimate  extension  of  th^s  method  is  the  "tube  a deux  boules" 
ti'chtiKiue  in  which  the  sample  and  the  SbF^  are  maintained  at 
di 1 ferent  temperatures. 

The  present  procedure  employs  the  same  apparatus  as  is  useu 
lor  liquid  intercalation  (Ficiure  1).  Reflectance  samples  are 
supported  in  the  upper  portion  of  the  straiqht  tube  by  a spiral 
of  .020"  platinum  wire.  Conductivity  samples  (bridges)  are  sus- 
pended by  their  load  wires.  Four  .013"  holes  drilled  in  a teflon 
Swaqelok  plug  pass  .010"  platinum  wires  which  are  spot-welded  to 
the  gold  lead  wires  of  the  sample.  When  the  Swaqelok  fitting  is 
t ii)htened  on  the  end  of  the  vessel,  a compression  seal  is  formcu 
between  the  teflon  plug  and  the  platinum  wires.  This  has  proved 
to  bo  an  effective  high-vacuum  electrical  feedthrough,  and  it  is 
far  easier  to  use  than  glass-metal  seals. 

Using  a gas  flame,  the  reactor  is  heated  under  dynamic 
vacuum  to  drive  off  water.  The  lower  end  of  the  apparatus  is  then 
imnu'rsed  in  liquid  nitrogen,  and  the  appropriate  amount  of  Sbl’^^ 
vs  transferred  from  the  Kel-F  storage  tube.  After  the  teflon 
valve  is  closed,  the  apparatus  can  be  removed  from  the  line  and 
placed  in  an  ov-n. 

3)  HF  + SbF,. 

A vapor-phase  superacid  intercalation  was  attempted  usinq 
a Kol-F  tube  as  the  sample  coll.  Because  of  the  enormous  difference 
in  vapor  pressures,  achieving  a ratio  of  4:1  HF:SbF'  or  less 
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(by  mole)  in  the  vapor  would  require  large  amounts  of  liquid  SbF^ 

and  otvly  a trace  of  HF  in  the  coll.  We  therefore  attacked  the 

problem  indirectly.  A sample  was  first  intercalated  with  SbF^, 

then  the  excess  SbF,.  was  transferred  out  of  the  cell.  Gaseous 

t> 

HF  was  then  introduced  while  the  conductivity  was  closely  monitored. 
As  this  technique  did  not  produce  a further  conductivity  increa.  , 
when  we  return  to  "superacid"  compounds  in  the  future  we  will 


.it*-empt  a vapor  intercalation  usi  nq  ineasured  amounts  C5f  th>'  two 
ac ids . 

D.  Stage"  Determination 

The  stauf?  achieved  by  an  intercalate>d  samplf  can  be  detcrmineii 

by  several  methods.  The  simplest  is  just  an  observation  o‘  *^he 

sample's  color.  First  staqe  HMO^  and  SbF^  compounds  are  deep  b!ui>; 

first  stage  alkali  metal  compounds  are  cold  while  se"fond  ;;ta'!i" 

ones  are  blue.  Compounds  less  concentrated  than  these  three 

samples  retain  the  silvery  color  of  the  I’Onr. . 

.Measurement  of  the  weight  uptake  provides  an  ae-.-urate  iridica- 

tion  of  the  sample's  composition  and  therefore  of  its  oiobab'.e 

stage.  For  example  first  stage  .FbF^  compounds  have  a composition 

between  C,  , SbF  and  C,  „SbF^,  while  second  staae  is  cha r ic* eri xed 
6.1  5 6.8  5 

by  compositions  near  ^SbF^.  This  technique  also  indicates  when 

a mixture  of  stages  is  present.  The  increase  in  wei<jht  is  luiierally 
measured  at  the  end  of  a reaction  by  transferring  the  samtjle  to  a 
teflon  "pillbox"  with  a tightly-sealed  lid.  The  transfer  is  per- 
formed in  a dry  N2  atmosphere  so  that  the  sample  is  not  exposed 
to  O2  or  water  vapor  and  the  possibility  of  decomposition  is 
minimized. 

X-ray  analysis  is  the  most  accurate  way  of  determin'nrj  .'Cauc. 

3y  measuring  the  angle  at  which  Bragg  reflection  from  the  laycMS 

of  carbon  atoms  occurs,  the  interplanar  spacinq  can  be  determineti. 

In  pristine  graphite  the  spacing  is  3.35  X;  in  the  first  staije 

SbF,.  graphite,  for  example,  it  is  8.46  X.  X-ray  analysis  is 

performed  in  a special  aluminum  holder  into  whicli  the  sampli"  is 

placed  while  in  a dry  N_  atmosphere.  The  holder  has  a plastic- 
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wrap  window  and  is  airtight;  the  small  volume  and  captive 
atmosphere  almost  completely  eliminate  decomposition  of  the  sample. 
When  a mixture  of  stage's  is  present,  analysis  of  the  x-ray  data 
is  extremely  difficult.  In  such  a case,  the'  sample  is  cleaved 
with  scotch  tape  and  x-rayed  .iqain  until  a unicjue  sta(K'  appears. 
Typical  curves  are  shown  in  Figures  13-16. 
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F, . Measurements 

The  purpose  of  this  investiqat ion  is  the  development  of 
intercalated  graphite  compounds  with  high  infrared  reflectance 
and  goo.i  stability  in  air.  In  this  context,  the  most  significant 
character istics  of  an  intercalated  sample  are  its  IR  reflectivity 
and  its  electrical  conductivity.  Knowledge  of  the  conductivity 
is  valuable  not  only  for  an  understanding  of  the  details  of 
intercalation  but  also  as  an  additional  method  for  gauging  the 
stability  of  an  intercalation  compound.  The  degradation  in  con- 
ductivity upon  exposure  to  various  atmospheres  can  be  used  to 
screen  the  stability  of  the  different  compounds. 

Samples  that  exhibit  promising  stability  are  stored  in  air 
and  their  reflectance  remeasured  periodically.  As  discussed  later, 
three  samples  of  SbF^  graphite  have  shown  high  reflectance  at 
wavelengths  greater  than  8u  for  more  than  750  hours. 

i)  Optical  Reflectance 

Reflectivity  measurements  have  been  performed  on  HNO^^ 

SbFr^,  and  HF  + ^bF^  intercalation  compounds  in  the  range  .07-2.5  eV 
( 1 7 . 7,1- . 5ii ) . The  instrumentation  and  the  sample  mounting  techniques 
will  be  discussed  separately. 

a)  Instrumentation 

Three  different  spectrometers  have  been  employed  in 

the  course  of  these  measurements.  Initially,  a Perkin-Elmer  #421 
20 

spt'Ct rometer  fitted  with  the  appropriate  specular  reflectance 

accessories  was  used  for  measurements  in  the  2.5-20u  region.  Since 
It  was  necessary  to  make  measurements  with  the  samples  exposed  to 
the  atmosphere,  or  at  best  in  a largo  box  of  flowing  nitrogen, 
th('  lower  staije  compounds  were  decomposing  as  they  were  being 
measured.  This  technique  is  obviously  unsuited  for  precise 


measurements . 
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An  automated  spectrometer  available  in  our  l<»bfa.itory 
was  used  next.  It  is  a sinqle-beam  instrument  empioyjr!']  an 

fvapor.ited  aluminum  reference  mirror,  and  it  ccjvers  a r anqe  of 
• h eV  (-2u)  to  S eV  ( .2'3u).  It  is  controlled  by  a proqrammable 

calculator  and  the  reflectance  spectra  arc  automatically  plotteci 
after  each  sample  is  measured.  It  has  been  thorouuhly  des<.'ribed 
elsewhere . ^ ^ 

Reflectance  measurements  were  performed  throuqh  the  walls 
of  a pyrex  ampoule  (as  in  Fiq.lO  but  without  the  KBr  window). 

The  Drude  edge  in  several  low-stage  SbF^  samples  was  observed 
in  this  manner  , however  the  transmission  characteristics  of  pyrex 
prevented  IR  measurements.  This  instrument  is  still  available 
if  measurements  between  2.0  and  5.0  eV  become  necessary. 

A second  automated  spectrometer,  very  similar  in  desiqn  to 
the  first,  was  assembled  for  the  purpose  of  investiaatinu  th<> 
reflectivity  in  the  infrared.  It  has  a shorter  path  lenath, 
and  is  fitted  with  a CsBr  prism.  It  covers  a range  of  .07  (>V 
( 18u)  to  2.0  eV  ('.62ij)  at  present;  this  can  be  extended  to 
24u.  Reference  mirrors  made  by  depositing  4000  A of  gold  on 
float  glass  substrates  are  used. 

b)  Measurement  Ampoules 

The  standard  sample  holder  for  optical  measurements 

is  shown  in  Figure  17.  It  is  constructed  by  joining  a piece  o‘ 

2x6  mm  (ID)  rectangular  pyrex  tubing  to  a female  14/15  standard 

taper  joint.  The  end  is  sealed  off,  then  a hole  patt«'rn  of 

scotch  tape  is  attached  to  one  of  the  broad  faces.  The  tube  is 

1 B 

dipped  into  molten  Halocarbon  #8-00  wax,  then  the  scoteti  t apt' 
pattern  is  pulled  off.  The  result  is  an  exposed  area  (about 
3x6  mm)  of  glass.  The  assembly  is  dipped  into  50%  IlF  at  25^'c  lor 
about  1>5  hours  until  the  section  of  glass  is  completely  etched 
away.  Then  the  wax  is  removed,  and  the  hole  is  covered  with  a 
1 mm  thic)c  window  of  KBr^^  attached  with  Halocarbon  #12-00  wax. 
When  the  ampoule  passes  a lea)^  test,  it  is  rccidy  to  be  used. 

The  use  of  2x6  mm  tubing  allows  smaller  pieces  of  graphite 
to  be  used  as  samples.  As  mentioned  earlier,  the  typical  size  is 
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5x8.\  . ^^mm.  The  use  of  KBr  as  the  window  material  allows  re- 


flectance measurements  to  be  done  within  the  range  25u  - .25u. 
Samples  are  loaded  into  the  ampoules  under  an  atmosphere  of  dry 
nitrogen,  and,  unless  otherwise  noted,  it  may  be  assumed  that 
these  ampoules  were  employed  in  all  of  the  optical  measurements. 

2)  Conductivity 

The  conductivity  can  be  measured  with  two  different 

sets  of  instrumentation.  A low  frequency  a.c.  system  based  on 
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a PAR  128  lock-in  is  used  for  general  conductivity  measurements 
and  for  ^ situ  measurements.  In  this  technique  the  reference 
ch.innel  of  the  lock-in  supplies  a 400  Hz  current  to  the  sample. 
The  voltatje  leads  on  the  sample  are  connected  to  the  signal 
channel  of  the  lock-in,  and  the  measured  voltage  is  displayed 
on  the  output  meter.  Typical  signal  levels  are  on  the  order  of 
tens  of  microvolts  with  100  mA  passing  through  the  sample.  A 
strip  chart  recorder  is  available  to  monitor  changes  in  con- 
ductivity with  time. 

DC  conductivity  measurements  are  available  through  the 
cooperation  of  other  members  of  the  graphite  group.  This  in- 
formation is  obtained  as  a result  of  their  Hall  effect  and 
magnetoresistance  measurements.  Because  of  its  complexity  this 
apparatus  is  more  useful  for  measuring  the  temperature  dependence 
of  the  conductivity  than  for  rapid,  general  purpose  conductivity 
measurements,  so  most  of  the  measurements  are  done  with  the 
ac  system. 
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In  this  section  the  results  obtained  dut  i tiq  the  firm'd  ye.ii 
will  be  presented.  We  will  cover  s.imple  nrep.i  r.i  t i on , c'ondu'-'  ;vity 
and  reflectance  measurements,  and  comment  on  th<'  sfaijili'-y  of 
the  intercalated  compounds. 

A.  HNO^  Compounds 

Graphite  samples  have  been  intercalated  with  HNO^  usinu  both 
liquid  and  vapor  techniques.  These  compounds  were-  madf'  whil(.> 
the  va..ious  sample  handling  and  intercalation  technitiues  were 
being  checked  out,  as  nitric  acid  is  easier  to  work  with  than 
SbF,, . 
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For  the  nitrates,  room  temperature  exposure  to  RFNA  produc;es 
a third  stage  compound  in  two  days,  room  temperature  liquid 
intercalation  in  pure  HNO.^  produces  a second  stage  compound  in 
three  minutes,  and  vapor  intercalation  at  room  temperature  abovt> 
a 0°C  reservoir  of  pure  HNO^  produces  a first  stage  compound  in 
two  days  or  less. 

The  near-IR  reflectance  of  a second  stage  compound  of  graphite 
intercalated  in  pure  HNO^  is  shown  in  Figure  18.  The  existence  of 
a well  defined  plasma  edge  suggests  that  the  IR  reflectance 
will  be  high;  this  is  confirmed  by  recent  results  sltown  in  I'iuure  1 . 

The  stability  of  nitrate  compounds  is,  in  general,  not  very 
good.  However,  other  members  of  our  graphite  group  have  found 
that  if  a freshly  intercalated  compound  is  cooled  to  77'^^K  and 
then  allowed  to  warm  to  room  temperature,  the  stability  in  air 
or  in  vacuum  is  greatly  improved.  This  fact,  coupled  with  t lu' 
knowledge  that  higher  stages  (i.e.  third  or  fourth)  are  i n 1. 1 i ns  i t-a  1 I y 
more  stable  and  better  conductors  than  the  lower  staqes,  makes 
if  interesting  to  investigate  the  !K  reflect  ivity  id  the  highei 
stage  nitrates.  This  will  be  done  as  time  permits. 
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since  qraphito  fibers  are  of  primary  interest  because  of 

their  utility  as  a construction  material,  an  interesting  result 

conceining  changes  in  mechanic.il  (iroperties  upon  intercalation 
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will  bi'  mentioned.  Vogel  has  recently  measured  resistivity, 
tensili'  strength,  .ind  elastic  modulus  for  some  Thornel  75  fibers 
I nterc.i  l.it  ed  by  immersion  in  25*^C  red  turning  nitric  acid.  He 
oiiserved  conductivity  increases  of  approximately  8 times,  an 
average  21'*  decrease  in  the  tensile  strength,  and  an  average 
69*  increase  in  the  elastic  modulus.  The  increase  in  modulus 
IS  explained  by  the  increase  in  perfection  of  the  graphite  lattice 
as  the  carbon  layers  accomodate  themselves  to  the  intercalant. 

B.  SbF^  Compounds 

Wf'  have  prepared  several  compounds  using  SbF^  as  the  inter- 
i.Ml.int.  Roth  liquid  and  vapor  phase  techniques  have  been  used. 
While  early  samples  were  prepared  under  conditions  that  were  not 
entiri’ly  controlled  (2-digit  sample  numbers),  present  procedures 
(l-di(|it  sample  numliers)  allow  precise  control  of  the  intercalation 
environmenf . Rven  so,  the  resultiru)  compounds  are  not  entirely 
predictable.  This  most  likely  results  from  the  tendency  of  ShF^^ 
to  polymerize  as  well  as  from  varying  impurity  levels  in  the 
start  imj  graphite. 

1)  Optical  Samples 

Two  0x9  mn,  c>ptical  samples,  I-2D  and  1-2'.,  wore  placed 
in  1 i<]uid  SbF,.^  at  room  temperature.  1-20  stabilized  at  a weight 
uptake  ('orrespond  i nc)  to  a C ^(^SbF^  composition  while  1-21  stabilized 
5 compos i t ion . This  was  our  fir.st  iniiication  of  the 
unoredictable  nature  of  SbF,.  intercalations,  although  at  the  time 
It  was  .It  t ributed  to  the  procedures  user!. 

■I'he  IR  reflectance  of  each  was  measured  in  air  on  the  Perkin- 
Flmer  #42  1,  both  c’xhibited  similar  behavior  ("  init  ial  "curve  for 
s.imple  !-20,  I'igure  20).  After  5 days  in  air,  the  weight  uptake 
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of  T-21  stabilizt'd  at  a composition  C^gSbl-'r^  (same  as  1-20);  l)r>t  h 
have  remained  the  same?  ever  since*  (approx.  4000  hours).  As 
shown  in  Fiaure  20,  tlie  re‘’]ec‘  ivity  ol  1-20  h'-yond  9 reiTia  i ne,; 
hitjh  for  1050  hours  (8i4  hr.  for  !-21).  At  that  t i me  ♦tie  t’erkin- 
Elmer  #421  broke  down  and  no  further  measurements  were  m.ide 
until  our  IR  spectrf)meter  was  completed.  By  then  1-20  was  f>v<'r 
4 100  hours  old,  and  the  reflectivity  had  dropped  to  90?.,  as 
shown.  The  behavior  of  1-21  (3900+  hours)  was  essentially  identical. 

X-ray  analysis  initially  showed  these  compounds  to  be  a 
mixture  of  high  stages  (4  and  5 predominant).  At  an  aqe  of  1050 
hours  1-20  was  x-rayed  again,  this  timt*  only  graphite  peak.*;  w<'re 
present.  Since  the  sample  had  lost  no  weight,  it  had  therefore 
rearranged  into  a residue  compound.  (A  residue  compound  is  one 
in  which  the  intercalant  resides  in  defects  such  as  nrain 
boundaries  instead  of  between  the  carbon  layers.)  Since*  the 
reflectance  remained  high  during  and  after  the  rearrangement, 
this  has  interesting  implications  for  the  intercalation  ot  fiber 

Sample  1-22  was  intercalated  in  liquid  SbF,.  at  45°C  tor  K 
days.  When  removed  it  was  a bright  blue  and  showed  a 265v,  weight 
increase,  corresponding  to  a gSbF^  composition.  It  Wejs  cleavi.'d 
and  measured  in  a nitrogen  atomsphere,  nevertheless  the  briuh* 
blue  color  gave  way  to  a deep  blue.  This  was  later  determined 
to  be  characteristic  behavior  for  1st  stage  SbF,.  compounds  ^ the 
darker  blue  presumably  results  from  interaction  with  the  a*  n'().';bh**re . 

Acting  upon  information  from  Prof.  Herold  of  the  Univi-rsity 
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of  Nancy,  France,  we  had  been  associating  the  dark  blue  color 
with  a second  stage  compound  and  the  brighter  blue  with  first 
stage.  We  have  recently  developed  the  ability  to  x-ray  s.impl»*s 
in  a controlled  environment,  and  the  results  so  obtaineti  ituiicatc 
that  both  shades  of  blue  are  associated  with  a litst  staiiu'  compound. 
Therefore,  the  first  and  second  stage  IH  reflectance  cuives 
previously  reported  and  shown  again  in  Figutc  2 1 in  t<alily  i lup  1 y 
reflect  a first  stage  surface  with  varyimi  amounts  of  chcmn-al 
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debris.  The  true  magnitude  of  the  reflectance  is  uncertain 
because  of  the  rough  sample  surface,  and  the  structure  in  the 
curve  probably  results  from  absorptions  in  the  thin  layer  or 
liquid  SbF^  on  the  surface  of  the  decomposing  sample. 

Sample  1-100  is  the  first  intercalated  in  a well-controlled 
environment.  It  was  intercalated  and  measured  in  the  same  pyrex 
ampoule’,  so  no  contact  with  the  atmosphere  occurred.  The  inter- 
calai\t  was  also  known  to  be  pure  SbF^.  The  reaction  took  place 
in  SbF,.  vapor  for  2\  days  at  80°C.  Approximately  half  of  the 
surface  .irea  turned  dark  blue,  the  rest  assumed  a silver  color 
brujhter  than  that  exhibited  by  the  initial  HOPG. 

The  reflectance  of  both  regions  was  measured,  it  is  shown 
in  Fit).  21.  After  two  weeks  the  blue  region  had  reverted  to 
silver,  when  remeasured  its  reflectance  was  the  same  as  the  initial 
silver  region.  This  strongly  suggests  decomposition  from  one 
stage  to  another;  recent  x-ray  results  indicate  that  the  transition 
is  from  stage  1 to  stage  2. 

The  plasma  edge  of  the  blue  region  was  scaled  to  100%  re- 
flectivity and  then  fit  to  the  theoretical  Drude  model  using  a 
four-point  minimisation  computer  pr  ram.  The  value  obtained 

for  the  conductivity,  o , = 1 , 04xi 0^ ( c-cm)  is  lower  than  that 
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ot  [iristine  graphite.  Subsequent  work  has  shown  that  the  solid- 
state  parameters  are  so  sensitive  to  the  shape  of  the  curve  that 
u scalin<)  procedure,  such  as  that  used  here,  completely  invalidates 
the  fit.  Also,  if  the  magnitude  of  the  reflectance  below  the 
Drude  edge  is  less  than  80%,  the  single-particle  Drude  model 
will  not  converge  to  the  data. 

It  is  extremely  difficult  for  us  to  determine  the  true 
maijnitude  of  the  reflectance  for  1st  and  2nd  stage  SbF^  compounds 
because  their  surfaces  are  very  rough.  However,  the  highest  value 
we  have  observed  just  below  the  edge  (60%)  is  sufficiently  low 
as  to  imply  that  the  simple  single  particle  Drude  model  cannot 
bo  applied  to  these  compounds. 


Samples  I-lOl  and  1-102  were  prepared  simultaneously  in 
separate  pyrex  ampoules.  They  were  intended  to  be  int->rr.i  1 ated 
at  7S°c  in  SbF^  vapor,  but  because  of  an  unexpected  t.empcratur*' 
gradient  in  the  oven  some  of  the  SbF^  distilled  into  eai^-h  of  the 
sample  ampoules.  The  net  result  was  a 75^C  liciuid  interc-a  ! at  i on . 
Both  samples  had  turned  the  characteristic  blue  color  after 
11  hours,  and  their  reflectance  was  the  same  as  that  observed  on 
I-IOO.  T-102  was  sealed  off,  I-lOl  was  left  connected  to  the 
<impoule  of  SbF^.  After  4 days  1-102  had  turned  a dirty  si!v(-r 
color;  its  reflectance  then  matched  that  observed  on  the  r.ilvet 
part  of  T-100.  Separate  curves  are  not  shown  for  these  samples 
because  they  are  so  similar  to  those  shown  in  Figure  22  for  ‘hi-  b 1 U' ■ 
and  silver  regions  of  I-IOO. 

I-lOl  was  stored  at  room  temperature,  still  in  an  .itmc'sphere 
of  SbF,.  vaoor.  After  two  weeks  it  has  reverted  to  a silver  color. 
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After  two  months  (late  May)  it  was  placed  in  an  oven  for  1 tiays 
at  60°C  and  1 day  at  100°C.  The  dark  blue  color  returned,  and 
the  weight  indicated  a first  stage  compound  of  gSbF,.  compos  i 1 ion. 
The  sample  was  ruined  during  an  attempt  to  cleave  ’t,  however  the 
interior  was  observed  to  be  a bright  blue.  This  was  anoth('r 
indication  that  the  dark  blue  does  not  indicate  a different  stage, 
for  the  surface  is  expected  to  have  the  greatest  concent i.d  ion 
of  intercalant.  It  was  also  at  this  time  that  we  discovered  the 
great  resistance  to  cleaving  exhibited  by  1st  stage  SbF^  c-ompounris . 

In  mid-April,  two  samples  of  SbF^-graphite  were  hurrienily 

prepared  at  AFMI.'s  request  for  reflectance  measurements  using 

their  Willey  diffuse  spectrophotometer.  Two  forms  of  grapfiite 

were  used  — a l"xl"x3/32"  piece  of  HOPG  and  about  2 ml  of  Fisfier 
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#G-67  graphite  powder. 

Because  we  had  not  previously  intercalated  samples  of 
such  geometry  we  had  no  idea  how  long  the  reaction  would  take 
or  how  far  towards  completion  it  would  proceed.  Intercalat ion  was 
attempted  at  75°C  in  SbF^  vapor.  After  two  days  the  powder 
most  directly  exposed  to  the  SbF^  had  turned  a very  dark  blue 
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while  particles  near  the  interior  of  the  volume  remained  dark 
t)ray.  The  powder  was  mixed  by  agitation  and  replaced  in  the  oven. 
After  3 days  the  powder  appeared  to  be  uniformly  dark  blue.  The 
.impoule  was  removed  from  the  oven  and  sealed  for  shipment.  At 
this  time  (3  days)  the  large  platelet  still  showed  no  sign  of 
intercalation.  The  oven  temperature  was  increased  to  150°C  for 
3 hours,  at  which  time  it  was  necessary  to  remove  and  seal  the 
ampoule  for  shipment.  The  platelet  had  turned  the  characteristic 
blue  color  all  over,  and  it  was  assumed  that  a second  stage  sample 
had  been  made. 

Measurements  at  AFML  were  done  in  air  on  the  Willey  spectro- 
meter. They  showed  a reflectance  for  the  Fisher  powder  of 
a[)proximately  lO'i.  between  2 and  20ii.  The  reflectance  of  the 
interca lateii  powder  was  identical.  The  large  platelet  showed 
structure  similar  to  that  previously  observed  for  compounds 
decomposing  in  air  (Fiijure  21),  however  the  magnitude  of  the  re- 
flectivity was  larger  ( 85%  at  2,,).  The  plate  was  cleaved  and 
the  interior  surface  measured;  its  reflectance  was  that  of  pure 
graphite.  This  was  our  first  indication  that  surface  color  could 
not  be  used  as  an  indicator  of  stage  in  SbF^  compounds. 

Using  the  new  style  of  reactor  shown  in  Figure  2,  samples 
1-103  and  1-104  were  intercalated  in  SbF^  vapor  for  5 days  at 
80°C.  Both  turned  the  usual  dark  blue  on  the  surface,  but  since 
the  weight  uptake  indicated  only  fourth  stage  the  samples  were 
inhomogeneous  --  i.e.  the  reaction  had  not  gone  to  completion. 

'Die  blue  surface  of  1-104  was  x-rayed  and  found  to  be  first  stage, 
a day  later  it  had  turned  silver  and  was  x-rayed  as  second  stage. 
The  surface  was  too  rough  for  reflectance  measurements,  so  the 
samjjle  was  tape  cleaved,  x-rayed  again  (3rd  stage  now),  and  the 
refle'ctance  measured. 

After  15  days  in  the  measurement  ampoule,  the  compound  was 
removed,  tape  cleaved  in  air,  and  remeasured.  Although  it  was 
not  x-rayed,  the  surface  was  likely  a mixture  of  stages  3 and  . 
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The  rcflectaru-e  was  measured  acjain  the  follow!  nq  day  and  som<> 
small  changes  were  noticed,  probably  as  a result  of  ,m  ev<*n 
larger  proportion  of  fourth  stage.  After  an  additional  3 flays 
in  air,  the  sample  was  tape  cleaved  and  x-rayed  twice  before 
a uniform  fourth  stage  surface  was  achieved.  The  reflectance 
was  measured  and  is  shown  in  F-’icpare  2 3-2S.  The  hiqh  value  of  ‘17 
for  the  reflectance  beyond  fni  was  especially  noteworthy.  The 
sample  was  remeasured  periodically;  after  two  days  no  change  was 
observed.  After  nine  days,  the  reflectance  in  that  region  had 
decreased  to  approximately  90%.  After  a total  of  32  days  (7t)h  hr. 
very  little  additional  change  had  occurred;  the  reflectance  i 
the  same  region  was  still  89%  (Figure  22). 

At  this  point  a word  concerning  the  cl  f-ave-x- ray-mea;;ui  < ■ 
procedure  is  in  order.  The  intensity  of  the  x-ray  diffrac-tion 
peaks  obtained  from  these  compounds  was  very  low,  so  a calcula- 
tion of  the  capture  cross  section  was  performed.  The  value  was 
found  to  be  so  large  that  the  x-ray  penetration  depth  for  the 
first  few  stages  ranges  from  20-60u.  It  is  therefore  possiblf> 
to  obtain  useful  optical  data  from  inhomogeneous  samples,  because 
60u  thick  slices  of  the  sample  can  be  character Lzed  with  x-rays 
and  then  measured  optically.  (Optical  penetration  depth  is  at 
most  Iti).  This  was  a fortuitous  occurrence  because  the  vapor 
phase  compounds  usually  were  inhomogeneous.  Unfortunately,  sample 
1-103  was  discarded  before  the  value  of  this  technique'  was 
appreciated . 

Samples  1-105  and  1-106  were  intercalated  in  SbF  vapor  at 
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80  C for  25  days.  Their  surfaces  turned  blue,  how<,!ver  the  wei()ht 

uptake  only  corresponded  to  approximately  second  stage.  The 

surfaces  were  very  rough,  essentially  unusable  for  optics.  1-105 

was  x-rayed  as  stage  1,  so  it  was  stored  in  a tic^htly  sealed 

teflon  container  to  await  decomposition  of  the  surface  to  stage  2. 

Unfortunately,  the  flow  of  events  was  such  that  when  1-105  was 

next  x-rayed  it  was  predominantly  stage  3,  so  it  was  discarded. 
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An  attempt  to  measure  the  reflectance  of  1-106  was  made, 
but  the  surface  was  too  rouqh  to  got  any  truly  useful  data. 
Experience  with  conductivity  bridges  had  shown  that  first  and 
second  stage  compounds  cannot  be  cleaved  with  scotch  tape,  so 
the  sample's  surface  was  scraped  with  a razor  blade  until  a silver 
color  was  obtained.  X-ray  analysis  showed  a mixture  of  stages  2 
and  3,  so  the  sample  was  then  tape  cleaved.  This  time  the  x-rays 
showed  a uniform  third  stage,  so  the  reflectance  was  measured. 

The  results  are  shown  in  Figures  26-28. 

The  sample  was  then  exposed  to  air  and  measured  periodically. 
After  20  hours  its  reflectance  matched  that  observed  for  fourth 
stage  in  1-104.  Be'cause  of  scheduling  problems  with  the  diffracto- 
meter, it  was  not  possible  to  x-ray  the  sample  to  confirm  the 
(>resence  of  fourth  stage.  Over  the  next  week,  the  behavior  of 
1-106  was  essentially  the  same  as  that  of  1-104,  i.e.  a slow 
decrease  in  IR  reflectance  to  a value  of  approximately  90%. 

2.  Conductivity  Samples 

Concurrent  with  the  above  investigation  of  optical 
properties  of  SbF^  compounds  was  an  investigation  of  the  dc 
conductivity  of  these  compounds.  This  work  was  done  by  Dr. 

T.E.  Thompson  under  NSF'  Grant  #DMR  75-04954.  All  of  these  samples 
wt're  intercalated  using  the  latest  of  the  techniques  described 
earlier. 

The  four-point  bridges  for  the  a-axis  electrical  conductivity 
measurements  typic.illy  measured  17  mm  in  length  and  2 mm  in  width, 
with  a thickness  along  the  c-axis  of  0.5  mm.  The  voltage  arms 
were  10  mm  apart.  Electrical  connections  w£ire  made  by  wrapping 
0.005  in.  ijold  wire  around  the  bridge  arms  and  then  thoroughly 
covering  these  contacts  with  gold  paste.  The  bridge  was  heated 
to  500°C  to  drive  off  volatile  materials  and  sinter  the  gold. 

This  process  produced  a sturdy  mechanical  bond  and  good  electrical 
contact  to  all  the  graphite  layers.  These  gold  wires  were  then 
spot  welded  to  the'  platinum  wires  of  the  reaction  vessel. 


As  described  earlier,  resistance  measurements  worc>  made  usinq 
a phase-sensitive  detector  operating  at  210  IJ7..  The  voltage 
developed  across  the  sample  was  compared  to  that  across  a calibrated 
resistor  in  series  wj th  the  sample.  Currents  between  1 and  10  mA 
were  applied.  The  voltage  scaled  linearly  with  the  current,  and 
the  two  were  always  in  phase  to  better  than  l”.  The  room- 
temperature  a-a.xis  conductivity  for  the  graphite  samples  *^ell  in 
the  range  23-27  (mSi-cm)  These  samples  showed  rc'sisti vity 

ratios  between  room  temperature  and  77K  between  1.6  and  1.7. 

While  reactions  were  in  progress  the  resistance  of  the  bridge 
was  monitored  con  inuously  to  check  on  the  rate  .ind  ex'ent  of 
the  intercalation.  At  the  same  time  thickness  measurements  were 
made  on  the  sample  at  regular  intervals.  When  no  further  changes 
in  thickness  or  resistance  had  been  observed  for  at  least  a day, 
the  reaction  was  assumed  to  have  ended. 

The  results  of  the  electrical  measurements  are  presented 
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in  Table  1.  The  fractional  thickness  increase,  At/t  , 
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represents  an  average  over  the  length  of  the  sample  because  of 
problems  with  fraying  of  the  sample's  edges.  The  x-ray  data 
indicate  that  the  ideal  value  for  the  stage-n  thickness  increase 
is  given  by 

At/t^  = (8.44  - 3.35)A/n  3.35  A (1) 

Departures  from  these  values  are  due  to  mixtures  of  stages  and 
the  self-cleaving  which  accompanies  the  lame  thickness  increases 
of  the  lower  stage  compounds.  The  conductivity  ratios 
were  calculated  from  the  intercalated  and  starting  resistances, 

Rj  and  R^,  making  corrections  for  the  thickness  increase: 

= (R^  t^)/(Rj  tj) . One  of  the  stage  1 samples  had 
obviously  over  expanded.  The  ideal  thickness  increase,  1.52, 
was  used  for  this  sample.  The  implications  of  this  data  will 
be  discussed  later. 
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C.  HI’  + SbF^ 

Sovoral  i nterca lation  compounds  have  been  made  using 
HI’  t Sbl’j.^  "supcracul"  mixtures.  The  earliest  of  these  was 
l-Oi,  .1  10x10  mm  sample  licjuid  intercalated  at  25°C  in  a 
mixture  of  1:1  HF-Sbl’^.  After  four  days  a weight  uptake  of 

w.is  obtained.  This  corresponds  to  a composition  of 
^HSbF^,  which  should  be  approximately  third  stage.  An 
almost  identical  result  ^HShF^)  was  obtained  for  another 

sample  intercalated  at  the  same  time  (AGXCO501) . When  x-rayed, 
this  sample  indicated  second  stage,  so  1-03  was  assumed  to  be 
second  stage  as  well.  In  the  light  of  our  present  knowledge, 
the  samples  were  probably  just  inhomogeneous;  predominantly  third 
stage  but  with  second  stage  surfaces. 

The  reflectance  of  1-03  from  2.5  to  25u  was  measured  in  air 
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using  the  Perkin-Klmer  )(337  spectrometer  and  an  aluminum 
reference  mirror.  The  result  is  shown  in  Figure  29.  When  this 
information  was  reported  previously  (December) , the  curve  was 
incorrectly  drawn  and  showed  a reflectance  greater  than  100%. 

In  reality  the  data  indicate  a maximum  value  of  100%,  as  shown 
in  the  figure.  Since  this  sample  was  measured  in  air  it  was 
undoubtedly  decomposing,  thus  the  true  stage  of  the  surface  is 
unknown.  Unfortunately,  this  sample  was  mishandled  and  destroyed 
by  the  x-ray  technician. 

Samples  1-200  and  1-201  were  intercalated  for  1.5  days  at 
26^C  in  a 2:1  HF:SbF^  superacid  mixture.  The  particular  mixture 
was  picked  on  the  strength  of  some  recently  obtained  information^^ 
which  indicated  that  the  strength  of  the  HF-SbF^  superacid  system 
would  be  greater  if  the  mixture  were  rich  in  HF.  A conductivity 
bridge  achieved  first  stage  under  the  aforementioned  conditions, 
however,  when  these  samples  were  removed  their  weight  uptake 
indicated  third  stage  instead  of  the  desired  first  stage.  This 
discrepancy  was  attiibuted  to  the  greater  ratio  of  edge  area  to 
interior  volume  for  the  bridge  than  for  the  platelet.  Sample  1-201 
was  sent  out  for  chemical  analysis, however  the  error  in  the 


rt'sults  was  large  enough  to  render  the  various  poss i b i 1 it  i l-s  of 
•itercalated  species  indistinguishable. 

Vapor  intercalation  with  2:1  HF-SbFf^  mixtures  was  attempted 
ising  conductivity  bridges.  No  detectable  reaction  occurred  when 
the  sample  was  suspended  over  the  acid.  Furthermore,  when  HF 
vapor  was  added  to  a reactor  containing  an  in-progress  2'S*“’c  SbF^^ 
vapor  intercalation,  the  reaction  stopped  and  the  sample  resistance 
even  increased.  When  the  HF  was  removed,  the  reaction  proc-c>eded 
again.  This  seemingly  deleterious  effect  of  HF  vapor  is  in 
marked  contrast  to  the  behavior  of  HF  + SbF^  liquid  reactions. 

In  the  liquid  phase,  intercalation  is  already  occurring  at  0*^0 
while  with  pure  SbF^  intercalation  begins  only  above  14^C.  The 
effect  of  HF  on  pentaf luoride  intercalations  will  be  studied 
further  using  AsF^. 

Samples  1-202  and  1-20  3 were  intercalated  under  the  s.imc 
conditions  as  1-200  and  1-201.  They  were  somewhat  largi.'r, 

7xR  mm  and  ~ 59  mg  vs  5.5  mm  x 8 mm  and  -29  mg  for  1-200  and  1-201. 

They  were  removed  from  the  acid  after  8 days,  but  the  weight, 

uptake  still  indicated  only  a third  stage  compound.  X-ray  .malysis 
also  showed  third  stage,  so  the  reflectance  of  a tape  cleaved 
surface  was  measured.  The  results,  shown  on  Fitjuie  31, 
were  essentially  the  same  for  both  samples.  In  contrast  to 

3rd  stage  SbF^  compounds,  these  compounds  were  stable  in  air 
for  at  least  an  hour.  This  was  determined  by  repeate'd  observation 

of  the  Drude  edge,  which  is  very  sensitive  to  changes  in  the 

electronic  properties.  Long-term  stability  tests  havt'  not  beeti 
done  because  the  magnitude  of  the  IP.  reflectance  is  not  suffi- 
ciently large. 

The  results  of  the  electrical  measurements  on  tlie  HF  < SblT 
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compounds  are  presented  in  part  B of  Table  1 . Comparison  of  the 
stage  1 sample  with  stage  1 SbF^  shows  that  the  addition  of  HF 
has  not  significantly  improved  the  conductivity  of  the  compound. 
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DISCUSSION 


In  this  section  the  significance  of  the  various  results 
will  be  considered.  The  synthesis,  reflectance,  and  conductivity 
of  the  compounds  will  bo  treated  individually. 

A.  Synthesis 

Several  compounds  have  been  made  by  intercalating  graphite 
witli  SbF^  and  HF  - SbF^  mixtures.  Compilations  of  sample  geometry, 
reaction  conditions,  and  resultant  compound  are  presented  in 
Tables  2 and  3 for  SbF^  and  HF  + SbF^  compounds,  respectively. 

It  is  evident  from  the  table  that  the  reactions  proceed 
more  rapidly  at  higher  temperatures  and  in  liquid,  as  expected. 

It  is  also  apparent  that  the  long,  narrow  bridges  intercalate 
more  rapidly  than  the  rectangular  platelets.  The  most  significant 
characteristic,  however,  is  the  variability  of  the  end  product. 

In  several  instances,  both  for  SbF^  and  SbF,.+HF  intercalants , two 
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adjacf'nt  samples  in  the  reactor  vessel  yielded  different  compounds. 
The  difference  seems  to  be  random;  in  some  cases  the  larger  sample 
intercalated  to  a greater  extent,  in  other  cases  the  smaller  one. 
This  probably  results  from  the  local  influence  of  impurities  in 
the  (graphite  on  the  polymerization  of  the  SbF^. 

A synthesis  problem  not  evident  in  the  tables  is  the  low 
predictability  of  the  product.  This  is  influenced  by  two  factors  -- 
the  spiatially  nonuniform  nature  of  the  intercalation  and  the 
tendency  of  the  sample's  edges  to  fray.  The  nonuniform  intercala- 
tion-outside faces  rapidly  roach  first  stage  while;  the  interior 
IS  .1  much  hicjher  stage  - eliminates  the  possibility  of  using 
color  as  an  indicator  of  stage.  The  fraying  of  the  edges  for  lower 
stages  coupled  with  the  nonuniform  intercalation  reduces  the 
usefulness  of  thickness  measurements  to  simply  a rough  estimate 
of  average  stage.  The  sample'  could  bo  x-rayed  through  the  walls 
of  the  pyrex  ampoule,  but  the  small  penetration  depth  in 
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SbF^-qraphito  would  preclude  measurement  of  the  sample's  interior. 

Thus  there  is  no  straightforward  way  to  recognize  that  the  sample 
has  reached  a given  stage  and  then  stop  the  reaction.  As  a result, 
we  have  been  unable  to  produce  a cookbook  for  tht-  pref>aration  of 
SbF^  intercalation  compounds  of  other  than  first  stage.  For 
first  stage,  uniform  compounds  have  been  obtained  most  often  aftf'r 
")  days  in  80°C  liquid  for  both  bridges  and  platelets,  and  after 
3 weeks  in  80°C  vapor  for  bridges. 

Another  negative  aspect  of  SbF,.  intercalation  is  the  long 
reaction  times  involved.  The  sample  preparation  times  in  Table  2 
are  ail  on  the  order  of  weeks  rather  than  hours.  Kven  with  thi* 
bridges  3 weeks  are  required  to  produce  a first  stage  compound  bv 
vapor  intercalation.  By  using  liquid  intercalation  this  can  be 
shortened  to  5 days,  but  removing  the  excess  SbF^  from  the  surfaces 
of  the  compound  is  a significant  problem.  In  addition,  the 
tendency  toward  self-cleaving  is  greatly  increased. 

The  obvious  step  is  to  increase  the  temperature  of  the 
reaction,  and  this  was  attempted  with  bridge  D2-8.  ft  was  inter- 
calated in  vapor  at  120°C.  After  three  hours  the  reaction  terminated, 
hov.ever  the  bulk  of  the  sample  was  not  first  stage  but  third. 

Only  the  surface  was  first  stage.  Lower  temperatures  (than  8o‘^C) 
were  also  employed.  Here  it  was  determined  that  the  reaction  does 
not  proceed  at  a significant  rate  below  45-60°C  for  vapor  and 
14^C  for  liquid  intercalation.  The  resultincj  compounds  were 
mixtures  of  higher  stages. 

The  addition  of  HF  to  the  SbF^  inhibits  the  reaction  in  thc' 
vapor  phase,  perhaps  because  of  the  large  difference  in  vapor 
pressure  between  the  HF  and  the  SbF^.  In  liquid,  the  presence  of 
HF  seems  to  catalyse  the  reaction.  Liquid  intercalation  in  2:1 
HF-SbF^  proceeds  readily  at  0°C  whereas,  as  mentioned  above,  for 
pure  SbF^  a temperature  above  14°C  is  necessary.  The  "superacid" 
compounds  do  not  turn  blue  before  first  sta<je  is  reached  and 
there  is  only  moderate  fraying  of  the  sample  edges,  so  they  m.iy  bi' 
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more  prodictnblo  than  pure  SbF^  compounds.  There  is  still 
siqn  if  Leant  variability  in  the  composition  of  thr?  end  product 
(Table  3),  enough  to  preclude  identification  of  the  intercalated 
species  from  the  weight  uptake. 

B.  Reflectance 

Room  temperature  optical  reflectance  measurements  of  stage  1 
to  statjc  4 .SbF^-graphite  have  been  performed  over  an  energy  range 
of  0.07  to  2.0  eV.  The  reflectance  of  all  4 stages  exhibited  a 
metallic  edge;  the  curves  are  shown  in  Figure  30.  The  IR  reflectance 
(2. 5-1 7, i)  for  stage  3 and  4 SbF^  compounds  and  stage  3 2:1 
HF-SbF^^  crompounds  is  shown  in  Figure  31. 

A word  of  caution  is  needed  concerning  the  stage  1 and 
stage  2 curves  in  Fitjure  10.  Stage  1 and  2 compounds  are  possessed 
ot  very  rough  surfaces,  therefore  there  is  an  appreciable  uncer- 
tainty in  the  measured  result.  Absolute  reflectance  measurements 
are  made  with  a He-Ne  laser,  however  the  reflectance  is  very  low 
at  1.96  eV  so  a substantial  error  in  scaling  is  possible.  The 
curves  as  drawn  represent  the  present  best  estimates  for  these 
two  sta<jes. 

No  such  problem  exists  for  the  stage  3 and  4 compounds.  Here 
smooth  t.ipe-cleaved  surfaces  are  possible,  and  all  of  the  reflected 
oiiotons  are  captured  and  measured.  Measurements  of  samples  in 
the  ampoules,  including  the  KBr  window  corrections,  agree  with 
measurements  in  air  to  within  the  experimental  error  of  the 
spectrometer  ( 1.5'A). 

As  mentioned  earlier,  all  four  stages  exhibit  a metallic 
reflectance  edge.  In  pure  graphite  this  Drude  edge  is  not  observed 
because  of  the  .02  eV  threshold  for  interband  transitions  which 
arise  from  narrow  overlapping  bands  near  the  zone  boundaries . 

The  existence  of  metallic  edges  in  these  compounds  therefore 
indicates  a si<jnificant  reduction  in  the  strength  of  such  transi- 
tions below  2 eV.  The  suppression  of  these  transitions  could 
result  either  from  changes  in  the  band  structure  or  from  a sub- 
stiintial  decrease  in  the  Fermi  energy. 
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The  location  of  the  reflectance  minimum  increases  monoton i - 

■ally  with  increasing  intercalate  concentration  (Table  4).  From 

he  Drude  model  for  optical  reflectance  of  metals,  it  can  be 

:'hown  that  the  frequency  of  the  minimum,  u . , is  related  to  the 

^ min 

carrier  density  N by 
(1) 

min 

where  m*  is  the  effective  mass  and  e is  the  core  dielectric 

0 

constant . 

If  intercalation  were  simply  a doping  process  should 

increase  as  x'^,  where  X is  the  concentration  of  intercalate 

e 

molecules.  In  fact,  increases  less  rapidly  than  X^,  implying 

changes  in  the  band  structure  (i.e.  m*  and  possibly  t ) as  w.'l  1 as 

‘ ">1 

in  carrier  density.  This  has  also  been  observed  in  alkali  metal ~ 
and  nitric  acid-graphite  compounds. 

For  simple  metals,  the  observed  plasma  edge  can  be  fitted  to 
the  theoretical  Drude  expression  for  reflectivity.  Values  for 
the  plasma  frequency  and  the  scattering  time  obtained  from  this 
procedure  can  be  used  to  calculate  the  optical  conductivity.  In 
metals,  the  reflectance  just  below  the  edge  is  nearly  100%.  For 
the  SbF^-graphite  compounds,  however,  the  low  values  of  reflec- 
tance on  the  low-energy  side  of  the  edge  made  it  impossible  to 
fit  the  data  to  the  simple,  single-particle  Drude  model.  Thus, 
it  is  clear  that  these  compounds  do  not  behave  like  simple  metals. 

The  existing  measurements  for  stage  1 and  2 reflectance  in 
the  IR  do  not  pertain  to  surfaces  of  a unique  stage,  therefore 
they  will  not  be  discussed  here.  Good  information  does  exist 
for  stage  3 and  4,  and  for  stage  3 compounds  intercalated  in  a 
2:1  HF-SbF^  mixture.  These  are  shown  in  Fig\ire  51.  As  sliown , 
there  is  no  drastic  difference  between  the  reflectance  of  stage  3 
SbF^  and  stage  3 HF-t-SbF^,  and  the  reflectance  of  each  is  similar 
in  magnitude  to  that  of  pure  HOPG.  Fourth  stage  SbF^-graphite 
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however,  has  a reflectance  of  approximately  97%  (with  respect 
to  qold)  at  wavelenqths  beyond  8u.  Thus  wo  see  that  dilute 
SbFr^  compounds  will  be  the  most  important  for  this  work.  The 
hiqh  reflectance  at  fourth  stage  is  probably  a result  of  a 
beneficial  mix  of  new  c:arriers  created  by  the  intercalant  and 
substantial  remnants  of  the  graphite  band  structure. 

Another  positive  result  involves  the  stability  of  these  com- 
pounds. First,  second,  and  third  stage  SbF^  compounds  are  unstable 
in  air;  fourth  stage  is  relatively  stable.  Although  in  time  the 
Drude  edge  of  the  fourth  stage  compound  degrades  and  becomes 
undefinable,  the  reflectance  beyond  8u  remains  hiqh.  This  has 
been  shown  earlier  in  Fiqures  20  and  2 1.  Three  samples  so  far 
have  retained  this  high  reflectance  after  more  than  760  hours 
exposure  to  air. 

C.  Conductivity 

The  conductivity  data  presented  in  Table  1 are  shown  in 
l■'iqure  32  plotted  as  a function  of  t /At.  Here  t is  the  initial 
thickness  of  the  bridge  and  At  is  the  average  thickness  increase. 
The  ideal  values  of  t^/At  for  stages  1 to  4 given  by  Eq.  (1) 
are  also  indicated.  Samples  with  thicknesses  corresponding  to 
stage  1 were  verified  to  be  stage  1 by  gravimetric  and  x-ray 
analysis.  The  conductivities  indicated  are,  therefore,  stage  1 
conductivities.  There  appears  to  be  no  significant  difference 
between  the  electrical  conductivities  of  stage  1 compounds  made 
with  pure  SbF,^  and  those  made  with  SbF^-2HF  mixtures. 

For  the  other  samples,  caution  must  be  exercised  in  using 
the  thickness  to  associate  a conductivity  with  a stage,  because 
the  measured  thickness  cannot  be  used  as  a stage  indicator. 

Ilowovi-t  , some  idea  of  the  variation  of  conductivity  with  stage  can 
be  obt.<iined  from  the  figure.  Samples  containing  a mixture  of 
■St  aejns  are  equivalent  to  a network  of  resistors  in  parallel. 


therefore  the  conductivity  of  the  ith  layer  contributes  to 

the  average  conductivity  in  proportion  to  its  thickness, 

t . : 

1 

Oj  = i (t^/t)  o..  n) 


For  example,  in  a compound  which  is  1/3  stage  2 and  2/3  stage  1, 
the  average  conductivity  is  dominated  by  the  stage  1 conductivity 
but  is  increased  or  decreased  from  that  of  stage  1 depending 
upon  whether  is  greater  or  less  than  Since  no  measured 

conductivity  is  higher  than  that  of  stage  1,  the  conclusion  is 
that  the  conductivity  decreases  for  the  higher  stage  compounds 
in  a manner  similar  to  that  indicated  in  the  figure.  Thus  we 
see  that  the  maximum  conductivity  for  compounds  prepared  in 
SbF^  and  SbF^:2HF  is  approximately  8 times  that  of  copper. 


SKCTION  VI 


SUMMARY 


The  first  year's  work  on  graphite  intercalation  compounds 
involving  SbF^  has  established  the  following  characteristics: 

1 . difficult  synthesis.  SbF^-graphite  intercalation 
compounds  are  characterized  by  a low  predictability.  Two  adjacent 
samples  in  the  same  reactor  yield  different  compounds;  further- 
more compounds  of  arbitrary  stage  cannot  be  produced  on  demand 
because  the  intercalation  proceeds  inhomogeneous ly . In  addition, 
the  reaction  times  are  long,  and  the  tendency  of  SbF^  to  poly- 
merize complicates  the  analysis  of  the  compounds. 

2.  high  infrared  reflectivity.  Stage  four  compounds 
exhibit  high  infrared  reflectivity  (over  90%)  between  8 and  17m. 
The  persistence  of  this  behavior  while  the  compound  is  rearranging 
into  a residue  compound  implies  that  high-reflectance  fibers  may 
be  obtained  by  inserting  intercalants  into  pre-existing  voids 
between  graphite  crystallites  in  the  fiber. 

3.  stability  in  air.  For  SbF^  compounds  of  stage  4 and 
higher,  the  high  reflectivity  mentioned  above  has  persisted 
after  exposure  to  normal  air  for  a month. 

4.  complex  Prude  edges.  The  inability  to  fit  the  re- 
flectance edge  to  the  simple  Drude  model  implies  that  these 
compounds  are  not  simple  metals  and  multiple  carriers  are  involved 
in  the  conduction  process. 

5.  same  properties  for  superacids.  Addition  of  HF  to  the 
SbF^  alters  the  nature  of  the  reaction  (speed,  uniformity),  but 
the  resulting  compounds  exhibit  reflectance  and  conductivity 
propcTt les  very  similar  to  those  of  SbF^  compounds  of  the  same 
stagi* . 
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SECTION  VII 


CONCLUSIONS  AND  FUTURE  WORK 


Graphite  intercalation  compounds  made  with  SbE^.  can  exhibit 
a conductivity  8 times  that  of  HOPG  or  an  IR  reflectivity  qreater 
than  90%.  The  high  reflectivity  can  persist  in  normal  air  for 
over  a month.  However,  SbP,.  is  a very  difficult  material  to  us«' 

D 

as  an  intercalant.  In  fact,  the  synthetic  difficulties  are  such 
that  we  recommend  continued  investigation  of  the  SbF,--qraphi  te 
system  only  if  no  easily  synthesized,  stable,  high  reflectance 
compound  can  be  found.  Even  if  the  addition  of  ME  makes  the 
intercalation  predictable,  the  need  to  work  with  HF  is  i rulust r i a 1 1 y 
undesirable . 

Accordingly,  we  are  beginning  an  investigation  of  qriiphite 
intercalated  with  AsF^.  AsF^  is  a highly  volatile  gas  at  room 
temperature,  only  slightly  less  reactive  than  SbF^,  and  easily 
moved  about  in  a vacuum  line.  For  intercalation  of  graphite, 

especially  fibers,  its  physical  properties  are  far  more  desirable 
than  those  of  SbF^.  In  a preliminary  experiment,  a sampli'  of  HOl’G 
intercalated  rapidly  and  retained  its  specular  surfaces  even  at 
first  stage.  It  was  destroyed  during  an  attempt  to  remove  the 
excess  AsF^  from  the  reactor,  so  its  reflectance  was  not  measured. 
However,  the  brilliant  silver  color  observed  just  before  first 
stage  is  very  encouraging. 
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SKCTION  VI 11 


TABLES  AND  FIGURES 


Table  1 

Thickness  Increase,  Resistance  and 
Conductivity  Ratios  for  SbF^-Graphite 


At/t 

o 

R (mW) 
o 

Rj^  (mil) 

o^/o 
I o 

a.  SbF^ 

1.83 

8.92 

0.44 

8.0* 

1.0 

4.71 

0.36 

6.5 

0.67 

2.40 

0.22 

6.5 

0.59 

3.06 

0.30 

6.4 

0.43 

4 .85 

0.63 

5.4 

b.  SbF  -IIF 
b 

1.52 

8.3  3 

0.43 

7.7 

0. 37 

4.75 

0.91 

3.8 

Ideal  At/t^:  stage  1,  1.52;  stage  2,  .77;  stage  3,  .51; 

stage  4 , . 38 . 
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Table  4 

Reflectance  Minima  of  SbF^-Graphito 

( 

Staqe  (eV) 

^ min 

1 
2 

3 

4 


1.8 

1.4 

1.18 

1.13 


LOW  TEMPERATURE  VAPOR  INTERCAI.AT ION  APPARATUS 


-R.AV  DIFFRACTION  OF  SbF.  GRAPHITE 


mi I rons 


microns 


IR  REFLECTANCE  OF  UNO , -GRAPHITE 


microns 


REFLECTANCE  OF  HIGH-STAGE  SbF^-GRAPHITE 


'ons 


"AGE  SbF^-GIiAPHITE 


microns 


REFLECTANCE  OF  STAGE  1 and  2 SbF. -GRAPHITE 


ni c rons 


LECTAN'CE  OF  4th  STAGE  SbF^-GRAPf{ITE 


microns 
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Fig.  25:  REFLECTANCE  OF  4th  STAGE  SbF. -GRAPHITE 
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Fig.  29:  REFLECTANCE  OF  SUPERACID-GRAPHITE 
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